Collagens are subjected to extensive posttranslational modifications, such as lysine hydroxylation. Bruck syndrome (BS) is a connective tissue disorder characterized at the molecular level by a loss of telopeptide lysine hydroxylation, resulting in reduced collagen pyridinoline cross-linking. BS results from mutations in the genes coding for lysyl hydroxylase (LH) 2 or peptidyl-prolyl cis-trans isomerase (PPIase) FKBP65. Given that the immunophilin FKBP65 does not exhibit LH activity, it is likely that LH2 activity is somehow dependent on FKPB65. In this report, we provide insights regarding the interplay between LH2 and FKBP65. We found that FKBP65 forms complexes with LH2 splice variants LH2A and LH2B but not with LH1 and LH3. Ablating the catalytic activity of FKBP65 or LH2 did not affect complex formation. Both depletion of FKBP65 and inhibition of FKBP65 PPIase activity reduced the dimeric (active) form of LH2 but did not affect the binding of monomeric (inactive) LH2 to procollagen Iα1. Furthermore, we show that LH2A and LH2B cannot form heterodimers with each other but are able to form heterodimers with LH1 and LH3. Collectively, our results indicate that FKBP65 is linked to pyridinoline cross-linking by specifically mediating the dimerization of LH2. Moreover, FKBP65 does not interact with LH1 and LH3, explaining why in BS triple-helical hydroxylysines are not affected. Our results provide a mechanistic link between FKBP65 and the loss of pyridinolines and may hold the key to future treatments for diseases related to collagen cross-linking anomalies, such as fibrosis and cancer.
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collagen cross-linking | lysyl hydroxylase | FKBP65 | Bruck syndrome | fibrosis C ollagen I is an essential component of the extracellular matrix (ECM) of tissues such as bone and skin, and is involved in a wide variety of biological processes. A deregulated synthesis of collagen type I results in pathologies ranging from severe bone and skin anomalies to fibrosis (1) (2) (3) (4) (5) . Hydroxylation of specific lysine (Lys) residues into 5-hydroxylysine (Hyl) is performed by lysyl hydroxylases (LHs), also known as the procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) family. Collagens deposited in the ECM are stabilized by the formation of intermolecular crosslinks by members of the lysyl oxidase family, LOX and LOXL (6) . Two collagen cross-linking pathways have been identified, the allysine route and the hydroxyallysine route (7) . In the allysine route, a telopeptide Lys is oxidized by lysyl oxidases into an aldehyde; in the hydroxyallysine route, this occurs with a telopeptide Hyl. In turn, the reactive aldehydes interact with the Lys or Hyl residues in the helical part of collagen to form difunctional and finally trifunctional cross-links (8) (9) (10) . The trifunctional cross-links derived from the hydroxyallysine route are referred to as pyridinolines. Collagens cross-linked by means of pyridinolines are difficult to degrade (11) (12) (13) .
The LH family consists of three individual members, designated LH1, LH2, and LH3. Hydroxylation of Lys present in the Gly-X-Lys sequence in the helical domain of collagen is carried out by LH1 and LH3 (14, 15) , whereas LH2 hydroxylates Lys residues in the telopeptides of collagen, where such a sequence motif is not present (16) (17) (18) . LH2 consists of two splice variants, LH2A and LH2B (19) , with LH2B containing an extra exon known as 13A. Although both isoforms contain the same dioxygenase catalytic domain responsible for hydroxylation, only LH2B is thought to be involved in pyridinoline cross-linking by displaying selective hydroxylase activity toward the telopeptide Lys of collagen (18, 20) , whereas the biological function and specificity of LH2A is unknown. LHs display activity only when present in a dimer (21) (22) (23) . Homodimers of LH1, LH2, and LH3 are likely the rule, but notable amounts of the heterodimer LH1/LH3 can be formed as well (24) .
Mutations in PLOD2 are linked to the development of Bruck syndrome type 2 (BS2) (MIM 609220) (25) (26) (27) (28) , a heritable autosomal recessive bone disease characterized by congenital contractures with pterygia, early onset of bone fractures, postnatal short stature, and severe limb deformity and progressive scoliosis. In addition, mutations in FKBP10 result in BS type 1 (MIM 259450) (27, (29) (30) (31) (32) (33) (34) and in osteogenesis imperfecta and Kuskokwin syndrome (35) (36) (37) (38) . As is the case for PLOD2 mutations, FKBP10 mutations result in a dramatic underhydroxylation of collagen telopeptide Lys and a subsequent decrease in the pyridinoline crosslinking of collagen type I in bone (26, 32, 39) . FKBP65, encoded by FKBP10, belongs to the family of immunophilins, a class of proteins that exhibit peptidyl-prolyl cis-trans isomerase (PPIase) activity that can be targeted by immunosuppressive drugs, such as FK506 (tacrolimus) and rapamycin (40, 41) . Despite the high number of prolyl residues in collagen, the PPIase activity of FKBP65 toward
Significance
Collagens are structural extracellular matrix proteins that provide mechanical support to tissues. To gain stability, collagens can form pyridinoline cross-links via enzymatically formed intermediates initiated by lysyl hydroxylase (LH) 2. Individuals with mutations in the gene encoding LH2 share highly overlapping traits with individuals with mutations in the gene encoding the immunophilin FKBP65 that shows no LH activity. We found that FKBP65 is necessary for the dimerization of LH2, which is required for activity of LH2. Collagen cross-linking plays important roles in bone diseases as well as in such pathologies as cancer and fibrosis. Our study has elucidated a mechanism of how to interfere in a specific type of collagen cross-linking and can help advance the design of new treatments toward these pathologies.
collagen seems rather limited (42, 43) . Instead, it is assumed that FKBP65 prevents a premature association between procollagen chains during synthesis and premature aggregation between triple helical procollagen molecules (44) .
So far, it is not known how FKBP65 relates to the lysyl hydroxylation process of the telopeptides, and whether there is a molecular interplay between LH2 and FKBP65. In this report, we present compelling evidence showing that there is a physical interaction between FKBP65 and LH2 crucial for LH2 activation and thus collagen telopeptide Hyl formation, but that FKBP65 is not required to direct LH2 binding to procollagen Iα1. Furthermore, we found that LH2A and LH2B are able to form heterodimers with LH1 and LH3, perhaps serving as a toolbox to increase collagen substrate specificities. Our data provide deeper insight into the molecular principles of collagen cross-linking in healthy individuals and patients with Bruck syndrome and fibrotic disorders, and open new avenues for treatments aimed at correcting collagen cross-linking anomalies.
Results

LH2 Splice
Variants Form a Complex with FKBP65. TGFβ1 strongly induces collagen type I and LH2 expression in fibroblasts (45) (46) (47) . We performed immunocytochemistry to verify the expression of LH2, FKBP65, and procollagen type Iα1 after TGFβ1 stimulation of primary dermal fibroblasts. Indeed, procollagen type Iα1 synthesis, as well as LH2 and FKBP65 expression, were increased by TGFβ1 stimulation (Fig. 1A) . Furthermore, LH2 and FKBP65 seemed to colocalize in the same cellular compartments. Interaction between both LH2 and FKBP65 in collagen type I-producing cells was assessed with a proximity ligation assay (PLA), which allowed immunodetection of protein-protein complexes under endogenous circumstances. PLA with antibodies against both LH2 and FKBP65 resulted in a strong fluorescent signal in TGFβ1-stimulated fibroblasts (Fig. 1B) , whereas the control (esiRNA knockdown of PLOD2) displayed only a fraction of the signal. This suggests that endogenous LH2 and FKBP65 together form a complex. Moreover, in human fibrotic kidney tissue, PLA confirmed the interaction of LH2 and FKBP65 (Fig. 1C) , underscoring the in vivo relevance of the LH2/FKBP65 complex.
Because when using commercially available LH2 antibodies we could not distinguish whether LH2A, LH2B, or both splice variants can form a complex with FKBP65, we performed coimmunoprecipitation (co-IP) on HEK-293T cells that overexpressed combinations of FLAG-tagged LH2A or LH2B with FKBP65. Pulldown on LH2A-FLAG and LH2B-FLAG both resulted in co-IP of FKBP65, whereas no co-IP was observed under the control conditions ( Fig.  2A ). These findings indicate that both LH2 splice variants (LH2A and LH2B) can bind FKBP65, and that this interaction is not dependent on the extra exon 13A in LH2B.
LH1 and LH3 Do Not Form a Complex with FKBP65. Mutations of FKBP65 in Bruck syndrome affects the lysyl hydroxylation only of the telopeptides, not of the triple helix (32, 39) . After finding that FKPB65 complexes with LH2, we wondered whether FKBP65 also interacts with LH1 and LH3, the LHs involved in the hydroxylation of Lys in the helical part of collagen. Therefore, we cotransfected HEK-293T cells with LH1-His or LH3-His together with FKBP65 and investigated complex formation by means of co-IP. Even though overexpression of both proteins was achieved, neither LH1 nor LH3 showed significant interaction with FKBP65, with only a very faint band of FKBP65 observed after LH1 and LH3 IP (Fig. 2B ).
Mutations in the Catalytic Domain of LH2 and FKBP65 Do Not Reduce
Complex Formation. To examine whether the catalytic activity of LH2 affects complex formation with FKBP65, we generated a mutation of the conserved residue of LH2A (R728K) and its corresponding residue in LH2B (R749K) to ablate the catalytic activity of LH2 ( Fig. 3A) (23, 48) . Co-IPs were performed after overexpression of both FLAG-tagged mutant variants in combination with FKBP65. Ablating the catalytic activity of LH2A and LH2B did not prevent their complex formation with FKBP65 ( Fig. 3B) , although the IP with the LH2B mutant seemed to be less efficient than that with the LH2A mutant.
All single amino acid substitutions in any of the PPIase domains of FKBP10 in BS1 patients result in maintenance of FKBP65 protein production, but ablation of pyridinoline cross-links (26, 32, 39) . We wished to identify whether BS mutations of the first PPIase domain affect complex formation with both LH2 splice variants. To exclude reduced epitope recognition by our FKBP65 antibody caused by the inserted mutations, we used His-tagged FKBP65 mutant and Histagged FKBP65 wild type (WT). Both the mutated and the WT FKBP65 were detected on Western blot analyses after IP on FLAGtagged LH2A and LH2B (Fig. 3C) . Interestingly, complex formation seemed to be more efficient for the PPIase-mutated FKBP65 compared with WT FKBP65 for both LH2A and LH2B.
LH2 Splice Variants Can Form Heterodimers with LH1 and LH3. LHs need to form dimers to become catalytically active. It has been reported that heterodimers can be formed between LH1 and LH3 (24) . To determine whether LH2A and LH2B also can form heterodimers with LH1 or LH3, we cotransfected HEK-239T cells with FLAG-tagged LH2A or LH2B and with His-tagged LH1 or LH3 and performed co-IP. We found that LH2A-FLAG indeed formed heterodimers with LH1-His as well as with LH3-His, albeit more weakly (Fig. 4A) . In addition, LH2B-FLAG showed more heterodimerization with LH1 than with LH3 (Fig. 4B) .
We next wanted to know whether heterodimer formation between LH2A and LH2B was possible, and thus cotransfected HEK-293T cells with LH2A-FLAG and LH2B-His and assayed complexes by co-IP on FLAG. LH2B-His was not detected, whereas LH2A-FLAG was prominently detected (Fig. 4C ). In conclusion, our results indicate that heterodimer formation does not occur between LH2A and LH2B, but that LH2A and LH2B can form heterodimers with LH1 and LH3.
FKBP65 Does Not Affect LH2 Binding to Procollagen Ia1 but Enables
Dimerization of LH2. How LH2 specifically hydroxylates Lys residues in the telopeptide is unknown. We wanted to know whether this process could be directed through FKBP65 recruitment of LH2 toward its substrate, procollagen. PLA on endogenous LH2 and procollagen type I in fibroblasts treated with or without tacrolimus revealed that binding of LH2 to procollagen Iα1 was not affected by partial inhibition of the PPIase activity of FKBP65 (Fig. 5A ). To examine whether other possible domains of FKBP65 could be responsible for LH2 targeting to procollagen, we performed PLA on fibroblasts transfected with esiRNA against FKBP65 or control esiRLUC. Interestingly, knockdown of FKBP65 resulted in enhanced binding of LH2 to procollagen Iα1 (Fig. 5B) . Thus, FKBP65 does not seem to be involved in recruiting LH2 toward the collagen telopeptide area.
The molecular process facilitating activation of LH by means of dimer formation is unknown. We wondered whether FKBP65, instead of targeting LH2 to collagen, is involved in the dimerization of LH2. Therefore, we performed native-PAGE on TGFβ1-stimulated fibroblasts that were transfected with siRNA against FKBP10 or scrambled siRNA. Western blot analysis of endogenous LH2 showed a reduced dimerization that correlated with a drop in FKBP65 levels (Fig. 6A ). This indeed shows that FKBP65 is involved in the dimerization of LH2.
We next wondered whether it is the PPIase activity of FKBP65 that catalyzes the LH2 dimerization. We performed native-PAGE on TGFβ1-stimulated fibroblasts treated with or without tacrolimus to partially inhibit the PPIase activity of FKBP65 (42) . Staining for endogenous LH2 showed that dimerization of LH2 was strongly reduced with increasing tacrolimus concentrations, with no effect on total LH2 or FKBP65 protein levels (Fig. 6B) . This confirms that FKBP65 PPIase activity is directly responsible for the dimerization of LH2, and that partially blocking the PPIase activity of FKBP65 hampers dimerization of LH2. As a control, we investigated the dimerization of LH1 under the same conditions. Given our finding that FKBP65 does not bind to LH1, we expected to also find that the addition of tacrolimus did not inhibit LH1 dimerization. Indeed, dimerization of LH1 and total protein levels were not affected by the inhibition of FKBP65 PPIase activity by tacrolimus (Fig. 6C) .
Discussion
Lysyl hydroxylations of the triple-helical part and telopeptides of collagen are highly regulated processes that contribute to the heterogeneity of collagen. For example, the telopeptides of collagen type I in bone are partially hydroxylated, whereas in skin the same telopeptides are devoid of Hyl (7, 8) . Currently, three LHs are known: LH1, LH2 with its splice variants LH2A and LH2B, and LH3. Mutations in LH2 (Bruck syndrome, type 2) results in severe underhydroxylation of the telopeptides of collagen type I in bone, whereas the lysyl hydroxylation level of the triple helix remains unaffected, indicating that LH2 is a telopeptide LH, and that LH1 and LH3 are triple-helical LHs. Indeed, mutations in LH1 (EhlersDanlos syndrome, type VIA) result in an underhydroxylation of the triple helix, but the telopeptides remain unaffected, and a knockout model of LH3 has shown unaffected telopeptides in bone (14, 15) . Therefore, it was surprising that mutations in FKBP10 (Bruck syndrome, type 1) resulted in a similar phenotype and in the same biochemical defect as seen for mutations in LH2.
Although physical interaction between both LH2 splice variants and FKBP65 has been suggested previously (32, 36) , we are the first group, to our knowledge, to actually demonstrate this interaction. The mutations of residue R728K in LH2A and the homologous residue R749K in LH2B (a residue present in the catalytic domain of LH2 and required for LH activity) show that the interaction between FKBP65 and LH2 is not dependent on the catalytic activity of LH2. Furthermore, BS1 double mutation of residues E113K and R115Q in the PPIase domain 1 of FKBP65 shows that interaction between FKBP65 and LH2 is not dependent on full PPIase activity of FKBP65; on the contrary, a slightly increased interaction between mutated FKBP65 and LH2A and LH2B was detected.
Mutations in FKBP65 are known to have no effect on the lysyl hydroxylation level of the triple helix (32, 36, 38, 39) . To explain this, we hypothesized that FKBP65 does not interact with LH1 and LH3, but does interact selectively with LH2. Co-IP on LH1 and LH3 with FKBP65 showed that these molecules do not form a complex. Thus, FKBP65 does indeed selectively bind to LH2, explaining why only the telopeptides, and not the triple helix, are affected in Bruck syndrome.
Given that both mutated FKBP65 and normal FKBP65 are able to bind to LH2, binding as such does not explain why mutated FKBP65 affects the LH activity of LH2. It is known that monomers of LH do not exhibit LH activity, but that dimers do (21) (22) (23) . Thus, we investigated whether FKBP65 has a role in the dimerization of LH2B, by adding tacrolimus to TGFβ1-stimulated dermal fibroblasts that express mostly LH2B (28) . TGFβ1 increases the endogenous expression of LH2B and FKBP65, and tacrolimus blocks PPIase activity of FKBP65 by ∼25% (42). Native-PAGE on cell lysates showed that most of the LH2B was detected as a dimer form when FKBP65 was present and its PPIase activity not inhibited; however, depletion of FKBP65 or inhibition by tacrolimus resulted in reduced dimer formation. Thus, FKBP65 is involved in the dimerization of LH2B. As a control, we also checked the dimer formation of LH1 with or without the presence of tacrolimus, and observed that dimer formation of LH1 was unaffected. The latter finding was expected, given our earlier finding that FKBP65 did not form a complex with LH1.
The foregoing observations provide a straightforward explanation of why a single mutation in one of the PPIase domains of FKBP65 results in an absence of Hyl in the telopeptides of collagen I: mutant FKBP65 still binds to monomers of LH2 but it can no longer form dimers of LH2. Because only dimers of LH2 have LH activity, mutations in FKPB65 (in BS1, single amino acid mutations have been found in all four PPIase domains) indirectly affect the lysyl hydroxylation process of the telopeptides. The BS1 mutations and our data also suggest that full PPIase activity is required to enable dimer formation of LH2. This is in contrast to another chaperone function of FKBP65, namely the prevention of premature association of procollagen chains during synthesis as well as premature aggregation between triple-helical procollagen molecules. This chaperone function is not inhibited by tacrolimus, indicating that full PPIase activity is not required for FKBP65 to execute this task (44) . This also explains why in BS1 procollagen folding rate, trimerization, and secretion are essentially normal, but pyridinoline formation is highly abnormal.
The foregoing explanation is also strengthened by the observation that two reported BS2 mutations in PLOD2 result in impaired folding and oligomerization of LH2 (49), thus highlighting the relevance of correctly folded dimers of LH2 to ensure a proper level of hydroxylation of telopeptide Lys. Remarkably, mutations in FKBP65 do not result in a lack of telopeptide Hyl in collagen type II in cartilage, in contrast to the situation of collagen type I in bone. It is possible that the role of FKBP65 in dimerization of LH2 is taken over by another molecule in cartilage, being absent in bone. It is also possible, but less likely, that monomeric or heterodimers of LH2 display activity toward collagen type II, but not toward collagen type I.
Because LH activity seems to be restricted to dimers, we have investigated this phenomenon in more detail. A previous study reported that LH3 can form a heterodimer with LH1 (24) . We have extended that study, and found that LH2A and LH2B can form a heterodimer with LH1. This was also the case with LH3, albeit less efficiently than with LH1. Whether heterodimers also occur in vivo is unknown; however, given that the experiments by the Myllylä group were done in insect cells and our experiments were done in human cells, and we both observed the formation of heterodimers, it seems likely that heterodimers also occur in vivo, potentially bypassing the selectivity of specific LH monomers toward a given collagenous region or tissue. Interestingly, LH2A is not able to form a heterodimer with LH2B. The additional exon 13A present in LH2B apparently excludes its dimerization with LH2A, although this exon does not prohibit the dimerization of LH2B with LH1 and LH3.
Because mutations in the genes coding for LH1 and LH3 do not affect the level of lysyl hydroxylation in the telopeptides (14) (15) (16) , it seems that this modification is carried out by LH2 only. There are two forms of LH2, the long form (LH2B) with the additional exon 13A and the short form (LH2A) without exon 13A. In fibrotic conditions, an up-regulation of LH2B is seen, and this always results in increased pyridinoline levels. The substrate specificity of LH2A is not known. In a BS2 patient with a mutation affecting the splicing of exon 13A to generate only LH2A expression, underhydroxylated telopeptides were reported (25) . Thus, it seems that LH2A has no telopeptide LH activity, in sharp contrast to LH2B. We hypothesize that FKBP65 is not involved in directing LH2 to the telopeptides; FKBP65 forms a complex with LH2A and LH2B, but the LH2A/ FKBP65 complex apparently fails to bind and hydroxylate the telopeptides. It is likely that the 20-aa stretch encoded by exon 13A is involved in directing/binding of LH2B to the telopeptides, thereby determining the substrate specificity of LH2B.
In conclusion, we have shown that FKBP65 binds to LH2 but not to LH1 and LH3, and that binding of FKBP65 to LH2 is not hampered by a loss of LH activity of LH2 or a partial loss of FKBP65 PPIase activity, but a partial loss of PPIase activity hampers the dimerization of LH2. Considering that only dimers seem to exhibit LH activity, our data provide a molecular explanation as to how mutations in FKBP10 result in an overall dramatic decrease in lysyl hydroxylation levels of collagen telopeptides, leading to diseases such as Bruck syndrome, type XI osteogenesis imperfecta, and Kuskokwim syndrome. It should be noted that a high level of pyridinoline crosslinks has been reported to be causally involved in fibrosis and tumor metastasis (28, (50) (51) (52) (53) (54) . The increased stiffening of the matrix from accumulating cross-linked collagen is directly linked to the progression of both types of pathologies. Therefore, a better molecular understanding of how pyridinoline cross-linking is regulated, such as aided by the data provided in this paper, is fundamental to the search for new treatments against these pathologies.
Materials and Methods
Cell Culture. HEK-293T cells (American Type Culture Collection) were cultured in DMEM supplemented with 10% (vol/vol) FBS, 1% L-glutamine, and 1% penicillin/ streptomycin. Normal human dermal fibroblasts (NHDFs) (Lonza) were cultured in DMEM supplemented with 10% (vol/vol) heat-inactivated FBS (Thermo Fisher Scientific), 1% L-glutamine, and 1% penicillin/streptomycin. All cells were cultured at 37°C in 5% (vol/vol) CO 2 . During all experimental conditions, 50 μg/mL L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich) was supplemented to the medium to obtain complete medium, given that L-ascorbic acid is an essential cofactor for LH activity and collagen synthesis (55) .
TGFβ1 Stimulation and Tacrolimus Treatment. Human recombinant TGFβ1 (PeproTech) was reconstituted in PBS with BSA (0.1%). For experimental conditions, NHDFs were serum-starved in complete low-serum medium (0.5% FBS) for 18 h, which was subsequently supplemented with TGFβ1 (5 ng/mL) and refreshed every 24 h. FKBP65 inhibitor tacrolimus (Sigma-Aldrich), also known as FK506, was dissolved in DMSO. For inhibition experiments, NHDFs were preincubated for 1 h with complete low-serum medium supplemented with tacrolimus, after which the medium was replaced with complete low-serum medium containing the same concentration of tacrolimus supplemented with or without TGFβ1, and incubated for 24 h.
Immunofluorescence and in Situ Proximity Ligation Assay. Immunofluorescence of fixed NHDFs and human renal tissue was used to detect protein expression (for antibodies, see Table S1 ). In situ complex formation of LH2 and FKBP65 was investigated using PLA kits (Sigma-Aldrich) for fluorescent microscopy or brightfield microscopy. More details are provided in SI Materials and Methods.
Cloning and Mutagenesis. FKBP65, LH2A, and LH2B cDNA ORF coding plasmids (Origene) were subcloned either directly into a pcDNA3.1 vector with primers introducing 6×His-tag to their C terminus or via a pCDNA3.1 ligated linker region to obtain in-frame 3×FLAG to the C terminus (Table S2 ). Catalytic mutants of 3×FLAG-tagged LH2A and LH2B were obtained by site-directed mutagenesis (Table S2 ). BS1-related FKBP10 missense mutations 337G > A and 344G > A in PPIase domain 1 that result in E112K and R115Q substitutions (31, 32) were derived by site-directed mutagenesis PCR (Table S2 ). All constructs were validated with Sanger sequencing by BaseClear (Leiden, The Netherlands).
Transient Transfection. On the day after seeding, cells were transfected with plasmids using Lipofectamine LTX PLUS mix (Thermo Fisher Scientific), and esiRNA against RLUC, PLOD2, or FKBP10 (Sigma-Aldrich) and siRNA against FKBP10 or scrambled (Santa Cruz Biotechnology) were transfected with RNAiMAX (Thermo Fisher Scientific). All transfections were performed according to the manufacturer's guidelines. For HEK-293T, cells were harvested at 2 d after transfection for downstream applications. For NHDFs, medium was changed after transfection to low-serum medium for 18 h and subsequently stimulated with TGFβ1 for 2 d, with daily refreshments of medium and TGFβ1.
Co-IP. Cell pellets were lysed with RIPA buffer (50 mM Tris·HCl pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% Na-deoxycholate, and 1 mM EGTA) supplemented with proteinase inhibitor mixture (Sigma-Aldrich) at 4°C with agitation. Lysates were homogenized by passing through a 23G needle three times, incubated 2 h at 4°C, and agitated with 750 U/mL of Benzoase (Sigma-Aldrich) to solubilize all proteins. The lysate was then precleared by centrifugation. Equal concentrations of lysates were used in each individual experiment, and were also cleared by preincubating with Protein-G Dynabeads (Thermo Fisher Scientific) at 4°C with agitation for 30 min. The cleared samples were incubated with 5 μg antibodies against FLAG, 6×His, or FKBP65 (Table S1 ) for 2 h at 4°C with agitation. Then Dynabeads were added, followed by incubation for another 2 h at 4°C with agitation. The beads were washed three times with cold RIPA buffer, and once more with PBS, then resuspended in Laemmli buffer for use in SDS/PAGE and subsequent Western blot analyses to detect coimmunoprecipitated complexes.
SDS/PAGE, Native-PAGE, and Western Blot Analysis. For SDS/PAGE, cells were harvested and lysed on ice with RIPA buffer (Thermo Fisher Scientific) supplemented with proteinase inhibitor mixture (Sigma-Aldrich). Proteins were separated on 7% or 10% (vol/vol) polyacrylamide SDS gels and transferred to PVDF membranes with the Trans-Blot Turbo blotting system (Bio-Rad). For native-PAGE, cells were lysed on ice in a nondenaturing buffer [50 mM Tris·HCl pH 8.0, 0.8% Nonidet P-40, 150 mM NaCl, and 10% (vol/vol) glycerol]. Equal concentrations of lysates were loaded on 6% (vol/vol) polyacrylamide gels (without SDS) with loading buffer free of denaturing agents, then separated in SDS-free running buffer and transferred to PVDF membranes. The membranes were blocked with 5% (vol/vol) skimmed milk in TBS-T and then incubated with primary antibodies (Table S1 ) for 2 h and with secondary antibodies (Table S1 ) for 1 h at room temperature. Protein detection by chemiluminescence (HRP) was achieved with ECL (Thermo Fisher Scientific).
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